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Abstract 
The main objectives of this study were to: (1) investigate the performance of TP removal from septic tank effluent by 
the hybrid constructed wetland consisting of a horizontal flow, and a vertical flow unit in series, (2) compare the 
discrepancy in TP removal efficiencies by different plant species, and (3) investigate the effects of HRT, plant and 
season on the removal of TP in the hybrid constructed wetlands. The results show that the average removal rates of 
total phosphorus (TP) for the hybrid system consisting of HF1+VF1(planted Cyperus alternifolius, Hedychium 
coronarium Koen ) in summer, autumn, winter and spring were, respectively, 96.8%, 97.4%, 94.5%, and 93.4% and 
were, respectively, 97.6%, 97.7%, 97.2%, and 98.3% for the hybrid system consisting of HF2+VF2(planted 
Schoenoplectus lacustrwas, canna indica ), while were, respectively,  93.1%, 96.6%, 91.6%, and 90.7% for the hybrid 
system consisting of HF0+VF0 (unplanted). It is apparent that planted wetlands could improve their effluent quality. 
The removal capacities of phosphorus by four plant species (Cyperus alternifolius, Hedychium coronarium Koen, 
Schoenoplectus lacustrwas, and canna indica) were compared in these hybrid systems for the treatment of septic tank 
effluent. The removal capacity of phosphorus by these plants ranged from 2.0 g/m2 to 13.33 g/m2; Cyperus 
alternifoliu showed the highest uptake on TP, while Hedychium coronarium Koen showed the least uptake. Different 
plants had different phosphorus capacities by plant uptake. Based on nutrient balance in one year’s operation, 2.3% to 
15.5% of TP were exhibited by aboveground biomass, indicating that macrophytes are essential to efficient 
phosphorus removal in the hybrid constructed wetland. 
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1.Introduction  
Constructed wetland is an ecological engineering method for wastewater treatment, which developed in 
late 1960s and early 1970s and spread throughout Europe in 1980s and 1990s, and spread throughout the 
world till now. It makes use of the action of medium, aquatic plants and microorganism, purifies the 
wastewater through a series of physical, chemical and biological ways. Constructed wetland is a low-cost, 
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easy operation and maintenance, natural technology for wastewater treatment that can operate on very 
small amounts of renewable energies and no chemicals[1], as well as suitable for sewage treatments in 
small towns and villages. 
According to water flow directions, constructed wetlands can be further divided into surface flow 
wetlands (SFW), horizontal flow wetlands (HFW), vertical flow wetlands (VFW)ˈand the hybrid 
constructed wetland systems such as horizontal-flow and vertical-flow  (HF+VF)constructed 
wetlands[2,3,4,5,6], vertical-flow and horizontal-flow (VF+HF) constructed wetlands[7,2,8] . 
Most TP treatment wetlands reported in literature are classified as the category of SFW, SSFW, 
and VFW wetlands. However, there was still a very limited study aiming at the performance of a hybrid 
system of HF+VF wetlands for septic tank effluent treatment with high phosphorus contents. Seo et al.[9] 
reported that an integrated constructed wetland system consisting of a horizontal flow (HF), vertical flow 
(VF) and horizontal flow (HF) units in series could remove the great mass of TP in the effluent. In this 
study, the effects of HRT, R%, season, and plant species on the removal of TP were discussed. A better 
knowledge of these effects is crucial to successful applications of hybrid constructed wetlands for nutrient 
removal. 
2. Materials and methods 
2.1 Flow diagram   
The technological processes of hybrid constructed wetland systems of HF+VF used in this study are 
given as follows: 
           Septic tank effluent ĺ Pump ĺ High-level tank ĺ Horizontal-flow constructed wetlands ĺ                               
                                                Ĺ Pump           
Mixing pool ĺ Vertical-flow constructed wetlands ĺ Clarifying basin ĺ Discharge 
2.2Vegetation  
After these hybrid systems were operated for three months, Cyperus alternifolius was planted in the 
1st horizontal-flow wetland (HF1), Schoenoplectus lacustrwas was planted in the 2nd horizontal-flow 
wetland (HF2). Hedychium coronarium Koen was planted in the 1st vertical-flow wetland 1 (VF1), C. 
indica L. was planted in the 2nd vertical-flow wetland (VF2), HF0 and VF0 were left unplanted as the 
controlled hybrid systems. 
2.3Analyses  
TP was determined using potassium-persulfate decomposition and colorimetric with molybdenum 
blue. 
3. Results and discussions 
3.1 Effect of different HRT and plants on the removal rate of TP  
The result of this study showed that the effect of HRT on the removal efficiency of TP was very 
obvious. The average removal rate of TP declined gradually with the decrease of HRT (Table 1). In these 
hybrid systems (i.e.,HF0+VF0, HF1+VF1, and HF2+VF2), the removal rates of TP increase with the 
increment of HRT by the order of 5d>3d>1d. If HRT was too short, it was easy for the constructed 
wetland to form anaerobic condition which led the release of phosphorus, thus resulting in declining of the 
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removal efficiency of TP. Meanwhile, the velocity of sewage flow was too fast, and the action of 
hydraulic wash was also vigorous; therefore, phosphorus, even those parts fixed or absorbed in the surface 
of filling materials and rhizosphere of wetland systems, could be washed away from wetland systems. The 
average removal rates of TP were up to 93.9%, 97.4%, and 89.4% for 1d HRT by these hybrid systems of 
HF1+VF1, HF2+VF2, and HF0+VF0, respectively. When HRT was 3d and 5d, the average removal rates 
of TP were increased by 1.7%, 0.4%, 4.4% and 3.0%, 0.6%, 6.3% higher than that of 1d HRT, but the 
increasing magnitude was not obvious. The reason is that blast furnace slag was a kind of high 
phosphorus-adsorbed substrate in the vertical-flow constructed wetland system. When the wetland system 
Table 1 Effect of season changeˈrecirculation rates and HRT on the removal rate of TP 
 
Winter          
Wastewater˄mg /L˅ 
40.98(0.
32) 
7.85(0.8
7) 
9.36(1.6
6) 
14.16(9.
53) 
10.9(0.0
5) 
14.46(2.
25) 10.69(0.87) 
11.69(0.
21) 
9.94(0.3
5) 
HF1-VF1˄removal 
rate, %˅ 
63.41(0.
47) 
62.43(0.
42) 
50.63(0.
07) 
47.92(0.
27) 
16.81(0.
16) 
6.97(0.0
8) 48.83(0.85) 
30.22(0.
08) 
0.92(2.0
9) 
HF2-VF2˄removal 
rate, %˅ 
68.53(1.
47) 
71.81(0.
34) 
64.68(0.
19) 
50.82(0.
80) 
28.57(0.
16) 
8.23(0.4
8) 57.76(2.48) 
36.69(0.
11) 
10.51(0.
05) 
HF3-VF3˄removal 
rate, %˅ 
66.01(0.
13) 
69.43(0.
29) 
68.02(0.
11) 
57.48(0.
98) 
37.85(0.
42) 
19.02(0.
12) 65.54(1.86) 
43.05(0.
34) 
13.85(0.
24) 
Spring          
Wastewater˄mg/L˅ 
14.31(0.
21) 
6.43(0.4
3) 
9.88(0.4
9) 
12.06(0.
93) 
12.87(3.
02) 
52.83(0.
53) 18.82(5.49) 
10.88(0.
23) 
16.19(0.
46) 
HF1-VF1˄removal 
rate, %˅ 
54.74(0.
04 
63.17(0.
03) 
75.68(0.
06) 
75.71(0.
22) 
32.66(0.
39) 
35.41(0.
15) 63.4(0.37) 
51.1(0.9
7) 
24.58(0.
10) 
HF2-VF2˄removal 
rate, %˅ 
70.27(0.
02) 
66.73(0.
02) 
77.14(0.
07) 
78.72(0.
15) 
48.82(0.
40) 
40.12(0.
08) 69.55(0.72) 
72.4(0.7
0) 
26.93(0.
06) 
HF3-VF3˄removal 
rate, %˅ 
62.43(0.
04) 
76.9(0.0
2) 
75.47(0.
09) 
78.28(0.
08) 
64.67(0.
10) 
40.18(0.
05) 78.56(0.37) 
72.89(1.
69) 
26.87(0.
06) 
TP  
Recirculation rates 0% Recirculation rates 50% Recirculation rates 100% 
1d 3d 5d 1d 3d 5d 1d 3d 5d 
Summer          
Wastewater˄mg/L˅ 
7.18(0.21
) 
5.65(0.22
) 
14.57(0.2
7) 
9.43(0.22
) 
5.74(7.36
) 
10.55(3.0
3) 
8.09(0.38
) 
12.59(0.1
2) 
4.05(0.75
) 
HF1-VF1˄removal 
rate, %˅ 
78.32(0.4
1) 
44.07(0.0
8) 
42.34(0.0
5) 
46.65(0.1
0) 
32.07(0.2
1) 
10.45(0.2
1) 
54.24(0.1
2) 
25.69(0.3
0) 
46.19(0.3
1) 
HF2-VF2˄removal 
rate, %˅ 
80.53(0.0
4) 
55.86(0.0
4) 
45.3(0.42
) 
55.99(4.6
3) 
46.76(0.1
4) 
11.54(0.3
8) 
75.36(3.9
2) 
30.55(0.3
8) 
49.34(1.1
4) 
HF3-VF3˄removal 
rate, %˅ 
78.54(0.1
9) 
55.59(0.3
1) 
46.08(0.1
5) 
58.49(0.0
6) 
48.24(0.0
4) 
16.85(0.5
2) 
85.23(0.0
3) 
39.64(3.3
3) 
58.24(1.5
5) 
Autumn           
Wastewater˄mg/L˅ 
10.49(0.3
7) 
8.74(1.62
) 
8.16(1.26
) 
12.4(0.41
) 
8.99(3.06
) 
5.25(1.78
) 
8.63(5.07
) 
8.56(0.02
) 
10.8(0.30
) 
HF1-VF1˄removal 
rate, %˅ 
55.49(0.9
6) 
38.78(0.0
4) 
30.29(0.1
1) 
55.64(0.0
2) 
46.1(1.26
) 
9.39(0.02
) 
69.95(0.0
8) 6.9(0.09) 
16.6(0.04
) 
HF2-VF2˄removal 
rate, %˅ 
57.87(2.2
1) 
40.31(1.3
6) 
43.28(1.8
9) 
57.94(0.0
7) 
48.45(0.7
3) 
9.07(0.04
) 
71.21(0.0
8) 
13.38(0.1
6) 
15.57(0.0
8) 
HF3-VF3˄removal 
rate, %˅ 
63.21(4.0
3) 
41.86(0.0
4) 
51.35(1.8
2) 
59.51(0.2
9) 
52.17(0.7
3) 
9.74(0.10
) 
74.2(0.08
) 
20.27(0.2
5) 
19.55(0.1
2) 
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Note. Data of the table are the average value, standard deviation in parentheses. 
3.2 Effect of different recirculation rates (R%) and HRT on the removal rate of TP 
The removal rate of TP increased with the increment of HRT in these hybrid systems under same 
recirculation rates (Table1). The removal rates of TP in these hybrid systems were quite high, and the 
effluent concentration of TP of 5d HRT were relatively low without being affected by the influent 
concentration of TP. The removal efficiencies of TP of 1d HRT and 3d HRT were nearly the same as that 
of 5d HRT. Other study showed that the removal efficiency of TP in a hybrid system was high with the 
increment of HRT [10], but the removal efficiency of TP was not significantly improved with the increment 
of HRT. Therefore, 3d HRT might be recommended in the actual operation of the hybrid systems for 
economic and technical reasons. 
The results of this study also indicated that the removal efficiency of TP was affected by different 
recirculation rates. The removal rate of recirculation rates 50% was obviously higher than that of without 
recirculation, and recirculation rates 100% was better than that of recirculation rates 50%, but the effect of 
recirculation rates on the treatment of TP was not significant under the same HRT (Table1). Considering 
economy and effluent quality, the recirculation rate was kept 50% of the effluent quantity might be the 
best choice in the actual running this hybrid system.  
3.3 Effect of different seasons on the removal rate of TP 
The removal efficiency of TP for these hybrid wetlands was significantly affected by season change 
(Table1). And the difference of TP removal in different season was very obvious. The main reason might 
be that low temperature had impact on purifying function of plant uptake. Therefore, the removal rates of 
TP by these hybrid systems were relatively low in winter (except 1HRT).  
Under the same HRT (5d), the removal rates of TP were higher in the HF1+VF1 and HF2+VF2 
hybrid systems than that of in the HF0+VF0 hybrid system. The removal efficiency of TP for the three 
hybrid systems (HF1+VF1, HF2+VF2 and HF0+VF0) in summer was the best among four seasons, and 
the average removal rates of TP were up to 98.2%, 98.4% and 98.0%, respectively. Although the removal 
efficiency of TP dropped in winter compared to the other three seasons, the average removal rates of TP 
were still up to 93.4%, 98.0% and 92.6%, respectively. It has been further proved that if the design and 
operation of the hybrid systems was reasonable and scientific, the better removal efficiency of TP would 
be gained in the subtropical areas even if in winter[11].  
3.4 Contribution of plant uptake to the TP removal in these hybrid systems 
The direct removal capacity of phosphorus by vegetation uptake can be showed by their harvest result, 
especially aboveground biomass and its phosphorus content[12]. The capacity of phosphorus removed by 
plant uptake varied among different types of macrophytes. Planted Schoenoplectus lacustrwas and canna 
indica in the hybrid system of HF2+VF2 removed more TP than that of the hybrid system of HF1+VF1 
planted Cyperus alternifolius and Hedychium coronarium Koen because of their higher biomass and P 
content. In spring, the TP removal of Cyperus alternifoliu was the largest, and that of Hedychium 
coronarium Koen was the least (Table 2). In summer, autumn and winter, the TP removal of different 
plants was similar to spring. The contribution of vegetation uptake for the removal of TP by Cyperus 
alternifoliu was the best, and the average value was up to 13.33g/m2, but that of Hedychium coronarium 
Koen was only 2.0g/m2. Based on nutrient balance in one year’s operation, 2.32-15.45% of TP were 
exhibited by aboveground biomass. So plant uptake was an important pathway for nutrient removal in 
these hybrid constructed wetlands. 
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Table 2 Contribution of plant uptake to the TP removal in these hybrid systems 
Different seasons  Summer
Autum
n 
Winte
r Spring
Average 
value  
Volume of sewage loaded (m3/system) 18.5 18.49 18.92 18.87 18.7 
Total input of TP (g/m2) 64.88 68.35 108.4 103.6 86.29 
TP Removed by harvested Cyperus 
alternifoliu biomass (g/HF) 7.27 11.84 11.54 22.55 13.33 
The percents of removed TP by  
harvested Cyperus alternifoliu account 
for total input of TP˄%˅ 
11.21 17.32 10.65 21.77 15.45 
TP Removed by harvested 
Schoenoplectus lacustrwas biomass 
(g/HF) 
7.00 11.09 8.73 14.07 10.18 
The percents of removed TP by  
harvested Schoenoplectus lacustrwas 
account for total input of TP˄%˅ 
10.79 16.22 8.06 13.59 11.79 
TP Removed by harvested Hedychium 
coronarium Koen biomass (g) 4.00 1.14 1.23 1.62 2.00 
The percents of removed TP by  
harvested Hedychium coronarium Koen 
account for total input of TP˄%˅ 
6.17 1.66 1.14 1.56 2.32 
TP Removed by harvested canna indica 
biomass (g/VF) 4.91 14.28 11.00 17.07 11.53 
The percents of removed TP by  
harvested canna indica account for total 
input of TP˄%˅ 
7.57 20.90 10.15 16.49 13.36 
4 Conclusions 
The results showed that the season change was found one of the factors to influence the removal 
efficiency of TP in horizontal-flow and vertical-flow cells, and the plant was thought the main factor. 
These plants were cultivated to determine their effects on the effluent quality improvement under the 
different HRT, different R% and different seasons. In this experiment, the removal efficiency of TP was 
steady in the hybrid systems. The average removal rates of TP were, respectively, up to 96.5%, 97.5, 
94.6%, and 97.6% in the summer, autumn, winter and spring, Planted wetlands could improve their 
effluent quality. In an entire year, 2.3-15.5% of TP input was exhibited by aboveground biomass.  
The operational results of these hybrid systems showed that the removal efficiencies of TP in 
horizontal-flow and vertical-flow wetlands were improved significantly with the extension of HRT under 
the same season. The removal rates of these indices of effluent quality for 3d HRT were obviously higher 
than that for 1d HRT, and the removal rates of 5d HRT was better than that of 3d HRT, but the difference 
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of the removal rates between 3d HRT and 5d HRT was not very obvious. Therefore, 3d HRT might be 
recommended in the actual operation of hybrid systems for economic and technological reasons.   
In this experiment, three different recirculation rates (R%) were elected such as 0%, 50%, and 100% to 
test the removal efficiency of TP. The results showed that the effect of different R% on the treatment of 
TP was not significant. The removal rate of 50% recirculation rate was obviously higher than that of 
without recirculation, and 100% recirculation rate was better than that of 50% recirculation rate, but the 
removal efficiency was not very obvious with increment of R%. For economic and effluent quality 
considered, the 50% recirculation rate might be the best choice in the actual running combination system.  
The direct removal capacity of plant to phosphorus was showed by absorption capacity of plant to 
phosphorus. The contribution of plant uptake to the TP removal of Cyperus alternifoliu was the best, and 
the average value was up to 13.33g/m2, but that of Hedychium coronarium Koen was only 2.0g/m2. The 
results showed that 2.3-15.5% of TP were exhibited by aboveground biomass. Plant uptake was an 
important pathway for nutrient removal in the constructed wastewater treatment wetland. 
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